Proteins catalyze crucial reactions via unstable, high-energy chemical intermediates.
Since at least the 1960s, aromatic amino acids were postulated to play a special role in biological redox chemistry as electron hole carriers (2) . Circadian rhythm photochemistry, photosynthetic water splitting, nucleic acid biosynthesis, and cell signaling are now well understood to engage redox-active Trp and Tyr residues as essential parts of their function (3) . Could Tyr and Trp also play a protective role during enzymatic reactions (such as the oxidation of aliphatic C-H bonds) that require high-energy intermediates (4, 5) ? The answer will be dictated by the set of time scales at play: Hole hopping from the activated redox cofactor to the first Trp/Tyr must be slower than catalysis (to avoid disabling the enzyme's valuable catalytic function) but faster than oxidative protein damage. Gray and Winkler's (1) query of the Protein Data Bank (e.g., they searched for Trp/Tyr pairs within a 5-Å edge-to-edge cutoff distance) provides a critical starting point for more detailed investigations of these hole-transfer chains.
Electron-transfer (ET) rates in biochemical reactions are usually proportional to the square of the electronic coupling interaction energy (V, Fig. 1B ) between the electron donor and acceptor, facilitated by the protein medium, or by direct van der Waals (vdW) contact between redox species. V decays rapidly with distance, and the steepness of this decay depends on the structure of the intervening medium (9) . ET pathways and relative donor/acceptor orientations influence wave function overlap, and thus determine V and the ET rate. The relative Trp and Tyr orientations fine-tune the hole-hopping rates. Two orientations are common among protein aromatics (Fig. 1C) , the so-called parallel-displaced (PD) and the T-shape (T) orientations, where ring interactions capture quadrupolar electrostatic stabilization (10) . PD geometries may use strong stacking interactions (akin to sigma bonding between p-orbitals) to maximize V; however, the strength of such interactions depends on orbital symmetry, as shown in Fig. 1D for indole pairs. Indeed, the greater than 10-fold stronger V for Tyr90-Trp231 in Fig. 2 arises from its PD geometry, compared with the T geometry of the other pairs.
Within a subset of orientations (e.g., T or PD), additional geometric effects between (8) , with the M06-HF functional, the D3 dispersion correction, the cc-pVTZ basis set for C and H atoms, and aug-cc-pVTZ for N and O]. Each hopping rate is proportional to V 2 . The greater than 10-fold stronger V between Tyr90-Trp231 arises from its PD geometry, compared with the T geometry of the other pairs. Because each pair of residues is within vdW contact, no protein medium is included in the computations of V. The Fe(IV)-oxo heme radical cation (CpdI) of P450, shown as a bomb ready to explode, converts cholesterol to pregnenolone. If unable to react with cholesterol, CpdI might be defused by the nearby Trp87 (followed by hole hopping to the protein surface at Tyr93) before damaging the protein.
aromatic pairs may be used to control V. For example, by placing the nodal planes that pass through the indole six-member ring (Fig. 1A) at 90°to each other, the indole-indole coupling can be reduced from ∼165 meV (Fig. 1D , Bottom) to <1 meV (Fig. 1D, Top) , substantially modulating the hole escape kinetics. Although aromatic residues play a known role in structural stability and substrate binding, might the modulation of V be a key factor in the evolution of hole-hopping chains?
Cytochrome P450
Gray and Winkler (1) identified a fiveresidue Trp/Tyr chain in the mitochondrial cholesterol metabolizing cytochrome P450, CYP11A1 (Fig. 2) (Fig. 1C) . Fig. 2 shows that the magnitude of V is sensitive to the orientation: V ranges from 1 meV (T) to 60 meV (PD). Such differences in V would manifest as 10 3 -to 10 4 -fold differences in charge transfer rates between aromatic pairs. Still, protein fluctuations are expected to influence the mean squared values of V and, consequently, the transport rates.
Using the values of V from Fig. 2 in a simple kinetic mechanism ðCpdI ⇌ Trp87 ⇌ Trp231 ⇌ Tyr90 ⇌ Tyr94 → Tyr93) with rates governed by the nonadiabatic ET theory (11), the mean first passage time (MFPT) (12) from CpdI to Tyr93 is given in Fig. 3 . For a particular free energy difference (ΔG) and reorganization energy (λ) of each step, the MFPT is the characteristic time scale for hole migration from CpdI to the protein surface. For example, when ΔG = 0 and λ = 0.8 eV, the MFPT is ∼1 μs [very similar to the 3-μs value reported by Gray and Winkler (1)]. For these parameters, turnover of CpdI during catalysis must proceed in the submicrosecond range, in order for the enzyme to function. In the absence of substrate, might Trp87 maneuver to within vdW contact of CpdI, thereby facilitating rapid hole transfer to the protein surface?
Emerging flickering resonance models for charge movement through redox chains in vdW contact may be applicable to Trp and Tyr hole-transfer chains as well (9, 13). The energy levels of Trp/Tyr stacks will fluctuate in and out of energetic degeneracy (Fig. 4B) . These flickering resonances can enable ballistic charge flow through such chains (13) . Could the proposed chemistry of these vdW contact aromatic chains enable resonant charge transport away from the fragile active sites to the protein surface?
The frequency of Trp/Tyr chains in proteins noted by Gray and Winkler (1), as well as the established role played by these amino acids in biocatalysis, warrant the mechanistic study of how biological hole transport pathways function in detail. In this regard, de novo protein design (Fig. 4) allows a systematic exploration of how the protein environment may tune hole propagation through designed hole transfer chains. Practically, hole-transfer chains may be valuable design elements to ensure the stability and function of critical enzymes in metabolically engineered organisms that overproduce oxidized metabolites, for example, in the generation of biofuels.
Redox cofactors are essential components in life-sustaining enzymatic reactions, but the high oxidation states accessed by these cofactors may damage and ultimately disable the protein machinery (1). The role proposed for Trp/Tyr chains in minimizing the occurrence of oxidative damage suggests that evolution may have found a compromise between catalytic function and protection: If the time scale for oxidative damage defines the fuse length of the redox bomb, Trp/Tyr chains may let the fuse burn short without explosive consequences. Fig. 3 . Contour lines of the mean first passage time for a hole to escape the heme to the protein surface via the Trp/Tyr chain of CYP11A1 in Fig. 2 , as a function of the free energy difference (ΔG) and the reorganization energy (λ) of each hopping step (using the Marcus nuclear factor). For given ΔG and λ values, catalysis must be faster than the time scale shown here, and oxidative protein damage must be slower, in order for the Trp/Tyr chain to be competent to defuse the redox bomb (CpdI). Biological values of ΔG and λ typically fall within the dashed box. We used the square barrier tunneling model with parameters chosen by Gray 
